ABSTRACT
Recently, the membrane-bound 1)-lactate dehydrogenase (i-LDH) of Escherichia coli has been solubilized and purified to homogeneity (1, 2) . The enzyme has a molecular weight of approximately 75,000, contains approximately 1 mole of fiavin adenine dinucleotide per mole of enzyme, and is inactivated by treatment with 2-hydroxy-3-butynoic acid, a "suicide" substrate for this enzyme (3) .
While this work was in progress, Reeves et al. (4) demonstrated that guanidine-HCl extracts from wild type membrane vesicles containing i-LDH activity are able to reconstitute D)-lactate-dependent oxygen consumption and active transport in membrane vesicles from E. coli and Salmonella typhimurium mutants deficient in D-LDH. In addition to confirming these studies with a homogeneous preparation of D-LDH, the present communication is concerned primarily with the properties of the binding phenomenon, and with the stoichiometry between D-LDH and the solute-specific components of the transport systems.
Abbreviations: n-LDH, D-lactate dehydrogenase; MTT, [3,(4,5- dimethylthiazolyl-2-)-2,5]diphenyl tetrazolium; dansyl-galactoside, 2-(N-dansyl)-aminoethyl 6-D-thiogalactoside; p-CMBS, pchloromercuribenzenesulfonate; NEM, N-ethylmaleimide; HOQNO, 2-heptyl 4-hydroxyquinoline-N-oxide; KCN, potassium cyanide. * This is paper XX in the series, "Mechanisms of Active Transport in Isolated Bacterial Membrane Vesicles." 1461
METHODS
Growth of Bacteria, Preparation of Membrane Vesicles, and Transport Assays. E. coli ML 308-225 (i-z-y+a+) and ML 308-225dld-3 (i-z-y+a+dld-) (5) were grown on minimal medium A containing succinate as a sole source of carbon (6) . Membrane vesicles were prepared and transport was assayed as described previously (6, 7) .
Preparation of D-LDH. D-LDH was solubilized and purified by the method described by Kohn and Kaback (1) with the exception that the enzyme was not concentrated by ultrafiltration. Instead, the enzyme (3.7 mg of protein) obtained from the final purification step, i.e., Step 6 (1), was adsorbed to a fresh DEAE-cellulose column (3 cm X 0.7 cm) which was then washed with 50 mM potassium phosphate buffer (pH 7.1) containing 0.1% Triton X-100. The enzyme was then eluted from the column with 50 mM potassium phosphate buffer (pH 7.1) containing 0.6 M sodium chloride and 0.1% Triton X-100 in the smallest possible volume (1-2 ml). Finally, the preparation was dialyzed against 0.1 M potassium phosphate buffer (pH 6.6) containing 0.1% Triton X-100, and stored in liquid nitrogen in the presence of 25% glycerol. The specific activity of the enzyme used in these experiments was 76.5 units of D-lactate: MTT [3, (4,5- (5) , are treated with n-LDH as described in Methods, they regain the ability to oxidize D-lactate. Reconstituted n-lactate oxidation catalyzed by dld-3 vesicles increases almost linearly with the amount of D-LDH bound up to approximately 0.1 nmoles/mg of dld-3 membrane protein, and achieves a maximal rate at concentrations in excess of 0.2 nmoles/mg of membrane protein (Fig. 1 ).
As shown previously (4), n-lactate oxidation by recon- Reconstitution of n-Lactate-Dependent Transport in dld-3 Membrane Vesicles. As shown previously (4, 5) and in Fig. 2 , membrane vesicles prepared from ML 308-225dld-exhibit essentially no n-lactate-dependent transport. However, when these vesicles are treated with n-LDH, they regain n-lactatedependent lactose transport. Both the initial rate and steadystate level of lactose accumulation are slightly less than those of ML 308-225 vesicles.-Although not shown, under the same conditions as those described in Fig. 2 , both the initial rates and steady-state levels of accumulation of serine, proline, glycine, lysine, and glutamic acid are identical to those of wild-type vesicles.
Initial rates and steady-state levels of accumulation of serine, proline, glycine, lysine, and glutamic acid approach an upper limit as increasing quantities of n-LDH are bound to dld-vesicles (Fig. 3) and dichlorophenolindophenol (0.0022%) were added to a solution of D-LDH (1.11 units of D-lactate: MTT reductase activity) containing 0.1 M potassium phosphate (pH 6.6) and 0.1% Triton X-100, and reduction of dichlorophenolindophenol was monitored spectrophotometrically at 600 nm (3). After about 2 min, dichlorophenolindophenol reduction ceased, and addition of 20 mM lithium D-lactate produced no further absorbance change. The reaction mixture was then dialyzed for approximately 8 hr against 0.1 M potassium phosphate buffer (pH 6.6) containing 0.1% Triton X-100. A portion of the dialyzed enzyme was adjusted to 0.6 M guanidine*HCl, and added to a suspension of dld-3 membrane vesicles as described in Methods. The mixture was incubated at 25°for 15 min, centrifuged at 40,000 X g for 20 min, and the supernatant carefully aspirated. The pellet was resuspended in buffer, and aliquots of the pellet and supernatant were counted by liquid scintillation spectrometry (lines 1 and 2). Bovine-serum albumin (5 mg) was added to the remaining supernatant fraction, and the protein precipitated with 80% ammonium sulfate. The sample was centrifuged, the supernatant aspirated, and the pellet redissolved in buffer. Aliquots were then counted as described above (lines 3 and 4).
bovine-serum albumin, or both. Once reconstitution has been achieved, the vesicles may be washed several times without loss of activity. As shown in Figure 4 , binding of D-LDH to did-S membrane vesicles under optimal conditions is a highly efficient process. (3) , indicate that the flavin coenzyme moiety of the holoenzyme is critical for binding. In the experiment shown in Table 1 , D-LDH was treated with [1-_4C]-hydroxybutynoate until complete inactivation was achieved as judged by -lactate: MTT reductase activity. At this point, the inactivated enzyme was dialyzed free of inactivator, and binding of the flavin-inactivated, radioactive enzyme was studied. As shown, only 12% of the inactivated enzyme is bound to did-S membranes as compared to about 80% of the native enzyme under identical conditions (compare, Fig. 4 ).
Approximately 65% of the radioactivity contained in the supernatant from the binding mixture (line 3) is precipitated by ammonium sulfate demonstrating that the inactivated flavin moiety of the enzyme does not dissociate to a significant extent during the course of the experiment. Although not shown, it is also important to note that almost all of the radioactivity present in the ammonium sulfate precipitate (line 3) is released by precipitation with 10% trichloroacetic acid.
Localization of D-LDH in Reconstituted did-S Vesicle&. Vinylglycolate (2-hydroxy-3-butenoic acid) has been shown to gain access to the intravesicular pool by means of a lactatespecific transport system (11) . Subsequently, it is oxidized by membrane-bound -and -LDH's to a reactive product (presumably 2-keto-3-butenoic acid) which then reacts with Enzyme I of the P-enolpyruvate-P-transferase system. More recent experimentsa using [1-'4C]vinylglycolate have confirmed these observations, and demonstrated further that the reactive product derived from vinylglycolate reacts with many other sulfhydryl-containing proteins in addition to Enzyme I.
The experiment shown in Fig. 5 demonstrates that the rate of reaction of [1-14C] mELDH. In addition, Futaib has independently confirmed many of these observations using did-vesicles and a similar preparation of D-LDH (2) .
It is apparent that D-LDH binds to did-vesicles in such a way that electrons are transferred from D-lactate to the electron transfer chain present in the vesicle membrane. Since transport is stimulated in these preparations, at least a portion of the electrons must enter the respiratory chain at a point before the energy-coupling site for transport. A significant amount of the membrane-bound enzyme in the reconstituted system is probably nonfunctional, however, with respect to reduction of electron carriers in the membrane. Thus, although the quantity of enzyme bound to the vesicles increases linearly with increasing concentrations of D-LDH as determined by membrane bound i-.lactate: MTT reductase activity (Fig. 4) , D-lactate oxidation saturates at approximately 0.2 nmoles of i-LDH per mg of membrane protein (Fig. 1) .
Initial rates of transport and steady-state levels of accumulation of serine, proline, glycine, lysine, and glutamic acid approach an upper limit at 0.05-0.1 nmoles of D-LDH bound per mg of did-s membrane protein (Fig. 3) . The rate of D)-lactate oxidation, on the other hand, approaches an upper limit at approximately 0.2 nmoles of enzyme per mg of membrane protein (Fig. 1) , and the initial rate of lactose uptake does not saturate even at 0.4 nmoles per mg of membrane protein (Fig. 3A) . Although these results could suggest that there are local interactions between D-LDH molecules and individual energy-coupling sites (4) , this interpretation appears to be inconsistent with the dansyl-galactoside studies presented in Fig. 3A Regarding the nature of the binding between D-LDH and the vesicles, a number of observations are of interest: (i) The apparent requirement for guanidine HCl for optimal binding and reconstitution may reflect induction of a conformational change in the enzyme. This hypothesis is supported by recent observations which demonstrate that guanidine HCl causes a shift in the pH optimum of the isolated enzyme to that observed with the membrane-bound enzyme (1) .c (ii) Apparently, the flavin moiety of the enzyme is critically involved in binding since hydroxybutynoate-inactivated enzyme exhibits markedly diminished binding activity. Although preliminary, these findings suggest that the flavin coenzyme itself may mediate binding or alternatively, that covalent inactivation of the flavin may result in a conformational change that does not favor binding. Efforts to reversibly dissociate the flavin from the native and inactivated enzyme are in progress so that appropriate binding studies can be carried out. (iii) The vinylglycolate uptake studies presented in Fig. 5 provide an indication that D-LDH in reconstituted did-s vesicles is bound to the external surface of the membrane, as would be expected from the permeability properties of a molecule the size of D-LDH. Attempts to support these observations immunologically have been unsuccessful thus far as the enzyme molecule is apparently a poor antigen.
Finally, the differential effects of oxamate on the native and reconstituted systems deserve mention. The observation that oxamate [and in previous experiments (4) p-CMBS] causes efflux in reconstituted dkd-3 vesicles but not in wildtype vesicles suggests that i-LDH, in addition to its catalytic activity, plays another role in the native system. It is tempting to speculate, in this context, that externally bound enzyme might not be able to fulfill the latter role. In any case, it seems unlikely that the 1-lactate-dependent transport systems in the reconstituted system have been completely restored to their native state.
